Fabrication of full-density W-brass composites is very difficult to achieve because of evaporation of zinc, insolubility of W and brass and compacts expansion. In this study, to achieve full-density W-brass composites, mechanical alloying (MA) and activated sintering process were utilized. Mechanical coating of W with Ni using high energy planetary ball mill was carried out. The milling was divided into two stages: to alloy and modify the surface of W with Ni for enhanced activation. The microstructure of the milled powders and sintered compacts, elemental composition and phases present were studied by using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD) respectively. As-received powder compacts was also sintered under the same condition for comparison purpose. The effects of milling time on the microstructure, sinterability and the hardness of the composites were investigated. It was observed that the samples produced from 8 h milled powder had the highest relative sintered density (98% TD) and microhardness (234 Hv). On the other hand, the samples from the as-received powders expanded and had a relative sintered density of (67% TD) and microhardness as low as 24 Hv. The significance of this study is the possibility of producing W-brass composites as a cheaper alternative to W-Cu composites.
Introduction
Tungsten-copper (W-Cu) and tungsten-copper alloys have received a serious attention by researchers due to the high melting point, high density, excellent high-temperature strength, low coefficient of expansion of W and high electrical and thermal conductivity of Cu [1] . W-Cu composites are used for the production of electrodes, heavy duty electronic contacts, in radiation shielding, kinetic energy penetrators and ammunitions, heat sinks in high power microelectronics, gyroscope rotors and divertor plates for fusion reactors [2] - [5] .
W-Cu composites exhibit mutual insolubility or minimal solubility and poor wettability of W by Cu. As a result of this, fabrication of W-Cu composites with high sintered density and homogeneous microstructure is difficult [6] - [8] . There is also a large difference in the melting point of W (3410˚C) and Cu (1083˚C). Due to this disparity, traditional metal-casting process and alloying cannot be used to produce W-Cu composites [9] .
To achieve high sintered density, many techniques have been adopted by researchers. Transition metals like nickel, when added in small amount to W-Cu composites, can lower the activation energy of sintering, thereby reducing the sintering temperature. Ni improves the wettability and adhesion of W and Cu that results to the production of nonporous composites [10] - [12] . Another technique that is widely used to enhance densification is mechanical alloying (MA). MA is a powder metallurgy process that was developed in the mid-1960s by the International Nickel Company (INCO) as a solid route for introducing and retaining fine refractory oxide particles in high temperature alloys mainly for gas turbine applications [13] - [15] . It is a solid-state powder processing method through repeated welding, fracturing, and rewelding of powder particles in a high energy ball mill [16] . MA leads to high plastic deformation of the trapped powders as a result of ball-to-ball and ball-to-wall collision, resulting in the dislocation of the powder particles. The green compacts produced from MA powders are subjected to thermal energy in a sintering process to produce a high density material [17] . This process has proved to be essential in the fabrication of composites that are difficult to produce by using conventional processes as a result of high vapour-pressure or disparity in the melting temperature of the components. The process of mechanical alloying of W-Cu composites results in the dissolution of small amount of Cu into W causing a shift in the W peak in the XRD analysis [18] .
Kim and Moon [19] sintered nanostructured MA powders of W-Cu at 1000˚C, 1200˚C and 1300˚C and obtained a relative sintered density of more than 95% by particle rearrangement via liquid phase sintering and the greatest homogeneity of microstructure was attained at the sintering temperature of 1200˚C. Solid state and liquid phase sintering of mechanical alloyed W-20 wt% Cu was studied by Maneshian and Simchi [20] . Their study revealed that there was a meaningful relationship between the sinterability and milling time; higher hardness and conductivity were obtained by prolonged MA and SPS due to lower W-W contiguity of MA powders, a decrease in the melting point of Cu up to 145˚C was achieved and a more homogeneous distribution of Cu prevented the formation of Cu pool during liquid phase sintering thereby increasing the homogeneity of the sintered compacts. A study of nanostructured W-Cu electrical contact materials processed by hot isostatic process was carried out by Tsakiris et al. [21] . In their study, W-Cu-Ni with Cu content ranging from 20 -40 wt% and 1 wt% Ni were mechanically alloyed for 10 and 20 h, and they achieved a high sintered density of 89% and homogeneous microstructure, higher Vickers hardness values were obtained from the compacts produced from the powders milled for 20 h due to the reduced particle size, uniform distribution of the intermetallic phases as well as the presence of W which was the harder phase. It was also observed that the composite with the highest Cu phase (40%) and shorter milling time (10h) had better physical, mechanical and functional properties. Relative sintered density of 99.6%, tranverse rupture strength of 1400.9 Mpa, Rockwell C hardness of 45.2, thermal conductivity of 196 W/mk homogeneous and fine microstructure was obtained in W-15Cu alloys prepared by mechanical alloying and SPS process was carried out by Shi et al. [22] . 97.0% and above relative sintered density at a shorter milling time of 8 h was achieved when investigation of MA effects on W-20Cu composites was carried out by Kecskes et al. [23] .
In this study, 50 W-48 br (brass)-2Ni was produced by MA. The effect of MA on the densification, microstructure, porosity and hardness was carried out. W-brass composite is a cheaper alternative to W-Cu composites, but before now, no literature is available on its densification by mechanical alloying.
Experimental Procedure
In this study, elemental W (99.9% purity), prealloyed brass (99.9% purity) and Ni (99.9%) and particle size of(brass)-2Ni. This composition was mechanically alloyed for 0 h, 8 h, 12 h and 14 h. The control sample was produced from the powder that was not milled (0 h). The powder for the control sample was manually mixed in a beaker for about 30 minutes to reduce the effects of density variation. The MA was done with an attritor milling machine (Fritsch Pulverisette) under pure argon atmosphere with the speed of 350 rpm. Steel jar and steel balls of 5 mm diameter and a powder to ball weight ratio of 1:10 was used.
Because Cu and Ni are completely miscible in both the liquid and solid state, the MA was done in two stages. In the first stage, W and Ni were milled for 4 h, and in the second stage, prealloyed brass was added and milled for another 4 h. The first stage is the mechanical coating of W with Ni. This was done to ensure that Ni was available to be segregated at the W grain boundaries to enhance the wettability and activate the process. Also, in the powders milled for 12 h, W and Ni was milled for 6 h, brass was added and milled for another 6 h. The same process was repeated for the powders milled for 14 h. Small powder mixture were taken at each stage for analysis. Different techniques were used for powder characterization. SEM was used to analyze particle morphology, chemical analysis by EDX and the phases present was analyzed by XRD.
Both the as-received and the mechanically alloyed powders were introduced into a permanent mould and pressed with a mechanical press (Caver, made in USA) at the pressure of 350 Mpa to produce the green compacts. The green compacts have a diameter of 10mm and 3mm to 4mm height. The green density was calculated using weight per volume ratio. The green compacts were sintered using Carbolite tube furnace at the temperature of 1150˚C, heating and cooling rate was 5˚C/min. and 10˚C/min. respectively and were isothermally held for 2 h. The sintering was done under pure hydrogen atmosphere. Archimedes method and weight per volume ratio was used to determine the sintered density. The sintered samples were ground with 600, 800 and 1200 grades of emery papers and polished with 0.5 µm and 0.3 µm alumina suspension on a polishing cloth. The samples were then rinsed with distilled water and dried with compressed air. SEM and optical microscope was used to study the microstructure while the phases present and the composition was analysed by XRD and EDX respectively. Leco microhardness testing machine was used to determine the hardness.
The sinterability of the compacts was expressed in terms of densification parameter (DP); sintered density green density DP theoritical density green density
The porosity of the green and sintered compacts was determined by the following relations:
( ) theoritical density green density Porosity green 100 theoritical density
( ) theoritical density sintered density Porosity sintered 100 theoritical density
Results and Discussion

Sintered Density
The relation between relative sintered density and milling time, and the densification parameter is shown in Figure 1 . There were significant differences between the sintered density of the as-received compacts and the mechanically alloyed compacts. The highest density of 98% TD was attained at 8 h milling time. As the milling time was extended to 12 h, the density decreased to 97% TD and decreased further to 94% TD after 14 h. The lowest density of 67% TD (lower than the relative green density) was achieved in the as-received compact under the same condition. The DP for the as-received compact is negative as shown in Figure 1(b) . The compact milled for 8 h has the highest DP value. The densification results show that MA influences the sinterability of W-brass composites. As a result of MA, the W-brass particle undergoes severe plastic deformation to produce nanocrystalline powders. These nanocrystalline powders enhance the diffusion rate, reduce the diffusion distance and an extention in the solid solubility [20] .
The solubility of W in brass is negligible, hence, during liquid phase sintering, densification is limited to rearrangement and solid state sintering of W network skeleton structure [3] . In agreement with the work of Kecskes et al. [23] , the fineness of W and homogeneous dispersion of the brass phase as a result of ball milling greatly influence the sinterability of W-brass composites in both solid and liquid phase sintering. MA also aids in increasing the solubilty of brass in W and decreased the melting point of brass. The high relative sintered density obtained in the compacts milled for 8 -14 h can be attributable to reduced particle size, enhanced particle rearrangement due to the formation of liquid brass, reduction in the diffusion distance and the activating role of Ni. The relation between the porosity and milling time is shown in Figure 2 . It is obvious from this results that porosity is directly related to the sintered density. The sample milled for 8h with the highest density has the lowest porosity (2.75%). The as-received compacts have the highest value of porosity (32%) and the lowest density. As the milling time increased beyond 8h, the porosity slightly increased to 3% and 6% for 12 and 14 h respectively. When Kecskes et al. [23] synthesized W-Cu composites by MA from 15 min 48 h, the composites milled for 8h also had the highest sintered density and beyond this time, homogeneous fine particles began to coarsen with a corresponding increase in residual porosity, leading to decrease in density and hardness. Oxide build-up on the superfine reactive powder surfaces is another problem of longer milling time. Other factors that might be responsible for the decrease in sintered density after prolonged milling beyond 8 h (12 -14 h) are defects like stored internal strain, dislocation, and closed micro pores caused by welding, fracturing and rewelding of the constituent powders [24] .
In the as-received compact with the lowest density, the negative value of DP indicates compact expansion or swelling. While sintering Ti-Ni shape memory alloy, Igharo and Wood [25] discovered that the decrease in sintered density than the green density was as a result of Kirkendall diffusion, particle segregation and expansion due to penetration of the liquid phase into the capillaries. Koo et al. [26] investigated the metallurgical and mechanical properties of brass hollow spheres by sintering at the temperature of 800˚C -930˚C and discovered that the evaporation of Zn increases with increase in sintering temperature because of the high vapour pressure of zinc. In the sintering of brass, it is common to lose zinc because of the different vapour pressure of Cu and Zn [27] . During the LPS of the as-received compact, the diffusion between W and brass will initially lead to compositional variations. Subsequently, a homogeneous structure results with a density lesser than the theoretical value. As the compact expands, the porosity increases with a corresponding decrease in density. The negative value of DP indicates expansion while positive value indicates shrinkage [28] . During the heating up stage (at solid state sintering), non-uniform diffusion takes place. In the radial direction, interdiffusion between W and brass takes place, while in the axial direction, diffusion will be between the same powder particles (W-W and brass-brass). Because brass diffuses faster than W, the brass will lose some atoms, thereby creating diffusional porosities at the prior brass sites. In the axial direction, W-W self diffusion causes neck growth, followed by densification. As the sintering enters into the LPS stage, the transient liquid that appeared on the W side on the initial W-brass interparticle contacts penetrates along capillaries with those formed during the earlier solid state diffusion stage. This causes expansion of the compact, leaving behind pores in the prior W particle region [25] .
In this study, Ni was added as an activator. Boonyongmaneerat [29] sintered W-Cu composites with and without Ni and Fe and found that the compacts containing additives had higher sinterability than pure W com- pacts. Ni is completely soluble in the brass matrix. By the addition of activators that are soluble in the liquid phase, densification and grain growth through solution precipitation are enhanced [19] .
The aim of splitting the milling process into two stages is to modify the surface of W for enhanced wettability and also to alloy Ni with W to avoid complete dissolution of Ni in brass, which could slow the activation process. In the second stage, when prealloyed brass was added to the alloyed W-Ni, as the milling progressed, the soft brass particles were plastically deformed to form aggregates and the W particles that fractured into nanosizes got embedded in this brass or coated with thin layer of brass. The product of the two stage ball milling was W-Cu-Zn composite powder of polygonal W grains dispersed in brass matrix.
Microstructure of the Milled and Sintered Compacts
The SEM of the milled powders are shown in Figure 3 . From this figure, the W particles (lighter in colour) and the brass particles (darker in colour) are recognizable. For the powder milled for 4 and 8 h, the reduction in particle size continues and the large aggregates of W-brass become more homogeneous. The initial segregation of W and brass particles were eliminated after milling for 8 h. Fine particles of W which are coated with thin brass layers agglomerate to form large W-brass aggregates as shown in Figure 3 
XRD Analysis
The XRD results of the milled powder and the sintered composite compacts are shown in Figure 5 . In the MA of the W-brass system, it is assumed that dissolution of a small amount of brass into W took place. The evidence for this is the shift in the W peak of W-brass sintered compacts. This shift in the XRD peak agrees with the findings of Alam [18] in the synthesis and characterization of W-Cu nanocomposites by mechanical alloying, where the dissolution of small amount of Cu into W caused a shift in the W peak in XRD analysis. The XRD peaks of the compacts milled for 8 h consist of CuO.81NiO.19 rather than the W and Cu peaks. As the milling was extended to 12 h, the copper oxide peaks transformed to Ni 3 Fe intermetallic compounds. At 14 h of milling, the XRD of the sintered compact showed peak broadening due to particle size reduction, dislocation and MA induced strains. Additional peaks were observed as a result of oxides formation, Fe and Cr contamination. In the as-received compact, the W and Cu peaks are visible along with CuWO 4 and CuO formation. The presence of these oxides might also be another factor that led to poor sinterability and low density. 
Microhardness Results
The relation between microhardness and milling time is shown in Figure 6 . The lowest hardness value was observed in the as-received composite as a result of Zn evaporation and expansion and a corresponding lower sintered density. The highest hardness (234 Hv) was obtained in the compact milled for 8 h. After this, there was a decrease in hardness at 12 and 14 h milling time. In the milled samples generally, the higher hardness obtained might be as a result of uniform dispersion of W in the brass matrix. Due to homogeneous distribution of brass particles in MA process, formation of large pool was prevented; this enhanced the homogeneity of the microstructure. The decrease in hardness of the samples at 12 and 14 h might be as a result of residual porosities or intergrain embrittlement.
Conclusion
Mechanical alloying of W-2Ni-brass powders was carried out under pure argon. In the milled powders, the W peak was maintained after 14 h of milling, but the Cu peak broadened after 12 h and almost levelled out after 14 h. The sintering was carried out at the temperature of 1150˚C, and relative sintered density of 67%, 98%, 97% and 94% TD was obtained from powders milled for 0, 8, 12 and 14 h respectively. The highest density of 98% TD and hardness (234 Hv) was achieved in the compacts milled for 8 h. Longer milling time (12 -14 h) resulted in increased residual porosities, particle dislocation, MA induced strains and oxide build-up which decreased the sinterability. The as-received compact had deep, irregular and large holes as a result of Zn evaporation and compact expansion, which resulted in lower sintered density (lower than the green density) and hardness.
